Abstract. Alterations to the expression L-type calcium channels (LTCCs) and Kv4.3 potassium channels form the possible basis of atrial electrical remodeling during rapid pacing. The mitogen-activated protein kinase (MAPK) pathway is affected by increases in cytoplasmic Ca
Introduction
Atrial fibrillation (AF) is one of the most common types of arrhythmia encountered in clinical practice (1) . The main characteristics of AF are the alterations in atrial electrophysiology and structure, which is termed electrophysiological and structural remodeling and is important in the development, maintenance and recurrence of AF (2, 3) . Ion influx via calcium and potassium channels is necessary for cellular neurochemical changes. Alterations to the expression of ion channels, particularly L-type calcium channels (LTCCs) and Kv4.3 potassium channels, form the possible basis of early remodeling during rapid pacing (4) (5) (6) . However, the pathogenetic mechanisms underlying atrial structural remodeling remain poorly understood.
Alterations to cytoplasmic Ca 2+ concentration have a critical role in the occurrence and maintenance of AF (7) . Stimulation, such as the arrival of an action potential, increases Ca 2+ entry from the extracellular space through LTCCs, and the resultant intracellular Ca 2+ elevation (calcium overload) mediates atrial electrical remodeling (8) . Increased cytoplasmic Ca 2+ can not only exert feedback inhibition, which curtails further Ca 2+ entry (9) , but also activates other signaling molecules, including calmodulin and mitogen-activated protein kinase (MAPK) (10, 11) . A previous study demonstrated that patients with permanent AF exhibit severe alterations in cardiac tissue architecture, accompanied by increased atrial expression of extracellular signal-regulated kinase 1/2 (ERK-1/2), one of the three major members of the MAPK family (12) . In addition, L-type Ca V 1.2 channels have previously been demonstrated to activate Ca 2+ -mediated second messenger pathways, including the MAPK pathway (13) . These studies suggest that the MAPK pathway may consist of attractive candidate kinases for the regulation and mediation of Ca 2+ -induced ion channel remodeling. The present study aimed to investigate alterations to the ion channel-MAPK axis, and to determine its influence on ion channel remodeling during AF.
Materials and methods
Isolation and culture of rat atrial myocytes. The present study and all experimental protocols involved were approved by the Institutional Animal Care and Use Committee of the Third Military Medical University (Chongqing, China). A total of 20 female Wistar rats (2-week-old) were purchased from the Experimental Animal Center of the Third Military Medical University (Chongqing, China). All animals were housed in the same temperature (22±2˚C) and humidity-controlled holding facility with free access to food and water, and were exposed to a regular 12/12-h light/dark cycle. Rats were anesthetized with over-dosed CO 2 (Chongqing Qunhe Medical Instrument Co., Ltd., Chongqing, China) and then fixed in a supine position. After sterilization, an incision was made along the right edge of the sternum and the chest wall was removed. The heart was retrieved and then washed in cold phosphate-buffered saline. Subsequently, the left and right atria were isolated and washed in serum-free Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Under aseptic conditions, the right atrial appendage was trimmed with scissors into small sections of ~1 mm 3 , which were digested with 0.08% trypsin at 37˚C for 5 min. The digestion was inactivated by the addition of medium containing 5% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.). The solution was maintained at room temperature for 5 min and the supernatant was subsequently filtered through a 100-mesh filter. Digestion was performed twice. Finally, suspensions of single cells were prepared by treatment of the digested product with 0.1% type II collagenase (Sigma-Aldrich, Steinheim, Germany) at 37˚C for 15 min. The cells were then seeded into flasks at a density of ~1x10 8 /l, followed by incubation with DMEM supplemented with 10% fetal bovine serum at 37˚C in an atmosphere containing 5% CO 2 . In the control group, after 72 h of routine culture, the medium was replaced with serum-free DMEM for 24 h, and rapid pacing was performed for up to 24 h. In the experimental groups, after 72 h of routine culture, the medium was replaced with serum-free DMEM for 24 h, and the following reagents were added to the media of the various groups: Verapamil (Sigma-Aldrich, St. Louis, MO, USA), PD98058 (Sigma-Aldrich), SB203580 (Sigma-Aldrich), or PD98058 + SB203580 at the same concentration (10 µmol/l) for 30 min.
Rapid pacing of atrial myocardial cells. Once cell confluence reached ~80%, the culture dishes were placed in an electric field. The cells were stimulated with 10 Hz, 1.5 V/cm using the BL-420E+ Biological and Functional Experimental system (PCLab, Chengdu, China) at 3, 6, 12 and 24 h.
Monitoring of intracellular Ca

2+
. The intracellular Ca 2+ signals were recorded in the rat atrial myocytes using the Fluo-3/AM Ca 2+ indicator (Invitrogen; Thermo Fisher Scientific, Inc.) at a concentration of 2 µmol/l. Briefly, the growth medium was removed from the cells and was replaced with dye-loading medium (100 µl/well) containing 2 µM Fluo-3/AM Ca 2+ indicator and 20% Pluronic acid F127 in Locke's buffer (154 mM NaCl, 5.6 mM KCl, 1.0 mM MgCl 2 , 2.3 mM CaCl 2 , 8.6 mM HEPES, 5.6 mM glucose and 0.1m M glycine; pH 7.4). The cells were incubated at 37˚C in an atmosphere containing 5% CO 2 for 30 min, and were washed four times with fresh DMEM. Calcium imaging was carried out using a Leica TCS SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany).
Reverse transcription-polymerase chain reaction (RT-PCR)
analysis. The mRNA expression levels of LTCC-α1c and Kv4.3 potassium channels were detected by RT-PCR. Total cellular RNA was extracted from the rat atrial myocytes of each group using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and cDNA was prepared using a Superscript II First-Strand cDNA Synthesis kit (Invitrogen; Thermo Fisher Scientific, Inc.), according to manufacturer's protocol. RT-PCR was performed and the primer sequences were designed as follows: α1c, forward 5'-ATG GAG GCT GGA GCC CAG ATT GA-3', reverse 5'-GAC ATT GAG GTC CGC ACC GAA GG-3' (annealing temperature, 61.3˚C); Kv4.3, forward 5'-GCA GCA ACC TGA AAT CTG AAA CT-3', reverse 5'-GAT AAG CAA TGA ACC CAT CTC CA-3' (annealing temperature, 56.1˚C); and β-actin, forward 5'-TGA GAG GGA AAT CGT GCG TGAC-3' and reverse 5'-ATC TGC TGG AAG GTG GAC AGT GAG-3' (annealing temperature: 53.9˚C). These primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). PCR was run on the Veriti Thermal Cycler (Thermo Fisher Scientific, Inc.) with each sample at 20 µl, including 1 µl primer, 10 µl Taq Master mix (2X, E00019, Genscript Biotech Co., Nanjing, China) and 9 µl deionized/distilled water. The amplification process was performed for 25 cycles: Initial denaturation at 94˚C for 45 sec, annealing for 30 sec at the indicated temperature, and final extension for 5 min at 72˚C. PCR products were separated by 1% agarose gel electrophoresis and were stained with ethidium bromide.
Western blot analysis. A total of 1.5x10 6 rat atrial myocytes from each group were lysed in 0.5 ml radioimmunoprecipitation assay [50 mM Tris-HCl (pH 7.2), 150 mM NaCl, 1% NP40, 0.1% SDS, 0.5% DOC, 1 mM PMSF, 25 mM MgCl 2 and phosphatase inhibitor cocktail (Shanghai Qcbio Science & Technologies Co., Ltd., Shanghai, China)] buffer and 5 µl phenylmethylsulfonyl fluoride. Cell homogenates were centrifuged at 12,000 x g for 30 min and the resulting supernatant (total tissue homogenate) was stored at -80˚C for further analysis. Protein concentration was quantified using a BCA Protein Quantification kit (Abcam, Cambridge, MA, USA) and a total of 15 µg protein from each group was separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (EMD Millipore, Temecula, CA, USA). The membranes were blocked by incubation with 5% BSA for 1 h and then incubated overnight at 4˚C for 1 h with primary antibodies, followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies for 2 h at room temperature. The following primary antibodies were used: Rabbit polyclonal anti-rat ERK (cat. no. sc-94; 1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), rabbit polyclonal anti-rat phosphorylated (p)-ERK (cat. no. sc-16982; 1:500; Santa Cruz Biotechnology, Inc.), rabbit polyclonal anti-rat p38MAPK (cat. no. sc-535; 1:500; Santa Cruz Biotechnology, Inc.), rabbit anti-rat p-p38MAPK (1:500; cat. no. sc-101759; Santa Cruz Biotechnology, Inc.), rabbit anti-rat α1c (cat. no. AB5150; 1:2,000; Chemicon; EMD Millipore, Billerica, MA, USA), rabbit anti-rat Kv4.3 (cat. no. AB5194; 1:1,000; Chemicon; EMD Millipore) and rabbit polyclonal anti-GAPDH antibody (cat. no. ABS16; EMD Millipore) was used as internal control. The secondary antibodies used were as follows: HRP-conjugated goat anti-rabbit immunoglobulin G (cat. no. ANT-178; 1:5,000 dilution; Beijing Dingguo Biotechnology Co., Ltd., Beijing, China). HRP chemiluminescent substrate was used and stained blots were visualized using an Odyssey Imaging System (Li-Cor Biosciences, Lincoln, NE, USA). Gel quantification was conducted using ImageJ software (version 1.2; National Institutes of Health, Bethesda, MD, USA).
Statistical analysis. Statistical analysis was performed using SPSS version 17.0 (SPSS, Inc., Chicago, IL, USA). Group comparison was performed using one-factor analysis of variance. Data are presented as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results
Verapamil pretreatment inhibits fast pacing-induced increases in intracellular Ca
2+ concentration. The Fluo-3/AM Ca 2+ indicator was used to monitor Ca 2+ concentration (Fig. 1 ). Fast pacing of rat atrial myocytes significantly increased intracellular Ca 2+ concentrations, which was reflected by increases in intracellular calcium fluorescence intensity 24 h after rapid pacing (Fig. 1A, B and D) . Conversely, verapamil pretreatment prior to pacing significantly reduced the increase in intracellular calcium fluorescence intensity (Fig. 1C and D) .
Alterations to ERK and p38MAPK protein expression during fast pacing. The total and phosphorylated forms of two subtypes of the MAPK family: ERK and p38MAPK were detected by western blotting (Fig. 2) . The expression levels of total and p-ERK protein were significantly increased 24 h after fast pacing ( Fig. 2A and C) . The expression levels of phosphorylated p38MAPK were upregulated 24 h after fast pacing; however, total p38MAPK expression remained changed ( Fig. 2B and C) . Notably, verapamil pretreatment significantly inhibited the upregulation of both phosphorylated proteins ( Fig. 2A and C) .
Effects of PD98059 on the expression of ion channel proteins.
The mRNA expression levels of LTCC-α1c and Kv4.3 potassium channels were significantly lower 24 h after fast pacing, as compared with those prior to pacing (Fig. 3A) . This downregulation was diminished by pretreatment with the ERK1/2-specific inhibitor PD98059. However, compared with the untreated group, the expression levels of α1c and Kv4.3 were lower in the PD98059 group. The results of western blotting indicated that the protein expression levels corroborated the PCR results (Fig. 3B) .
Effects of SB203580 on the expression of ion channel proteins.
Similar to the effects of PD98059, treatment with SB203580 could rescue the fast pacing-induced downregulation of α1c and Kv4.3 expression (Fig. 3C and D) . However, the effects were not as noticeable as the effects of PD98059.
Effects of PD98059 and SB203580 co-treatment on the expression of ion channel proteins.
Simultaneous administration with PD98059 and SB203580 prior to fast pacing was able to inhibit the downregulation of α1c and Kv4.3 expression ( Fig. 3E and F) . However, these reagents could not totally rescue the expression of α1c and Kv4.3 to normal levels.
Discussion
Intracellular calcium overload has been reported as a key factor for electrical remodeling in AF (14) . LTCCs, which are a member of the voltage-dependent calcium channel family, act as a voltage sensor for excitation-contraction coupling, and are a major pathway for calcium influx in cardiac and skeletal muscle (15) . LTCCs function as macromolecular complexes, which are involved in the ubiquitous regulation of intracellular signaling (16) . The Ca 2+ influx through LTCCs forms the basis of the characteristic prolonged 'plateau' phase of the cardiac action potential (17) . LTCC function is multifaceted, however in cardiac muscle cells it has an essential role in coupling excitation to contraction. In cardiac myocytes, LTCCs increase Ca 2+ entry and trigger calcium release from the sarcoplasmic reticulum by activating intracellular calcium channel ryanodine receptors (18) . In addition, calcium is an important second messenger, which has a key role in calmodulin-dependent activation of signaling cascades that convey local calcium signals to the nucleus (19) . Therefore, opening of LTCCs may be considered an important basis of multiple cardiac arrhythmias, which may result in sudden death. The present study demonstrated that fast pacing may significantly increase intracellular Ca 2+ concentration in atrial myocytes, and verapamil treatment distinctly inhibited this increase, thus suggesting that LTCCs have an important role in Ca 2+ influx in the early phase of fast pacing. That verapamil could significantly antagonize rapid pacing-induced increased activation of ERK and p38MAPK indicated that the opening of LTCCs had a close relationship with alterations to the MAPK pathway.
MAPKs are evolutionarily highly conserved protein kinases specific to serine, threonine and tyrosine (20) . The MAPK family consists of three major members: p38, ERK and c-Jun N-terminal kinase (JNK). p38MAPK and JNK mediate cell responses to various stressors, and lead to cell death when activated (21) . ERK predominantly mediates the proliferation response, with ERK1/2 as the hub of MAPK signaling pathways (22) . In the present study, the expression levels of total ERK1/2, p-ERK1/2 and p-p38MAPK were upregulated 24 h after fast pacing. MAPK is mainly activated by the G protein-coupled receptor agonist, and can also be activated by angiotensin II and endothelin-1 via a c-Src dependent mechanism (23) . Other factors, such as high osmotic stress, hypoxia/reoxygenation injury, free radicals and reactive oxygen species can also stimulate MAPK activities (24) (25) (26) . In a previous study, short-term rapid electrical stimulation resulted in a significant upregulation of connexin 43 and 
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conduction velocity in cardiomyocytes, via an increased autocrine action of angiotensin II that activated ERK and p38MAPK (27) . Pretreatment with losartan, an antagonist of angiotensin type 1 receptor, inhibited vasoconstriction, as well as the activation of ERK1/2 and p38MAPK (28) . It may be hypothesized that electric field stimulation results in Ca 2+ influx and overload, followed by conformational changes of calmodulin upon Ca 2+ binding, and subsequent activation of MAPK signaling molecules by calmodulin binding.
Several nuclear targets for MAPK pathways have been identified, including Elk-1, Ets-1, c-Myc, Sap1a, Tal, signal transducer and activator of transcription, c-Jun and activating transcription factor 2 (29) . Following mitogen stimulation, MAPK rapidly phosphorylates Elk-1. ERK activation stimulates activator protein (AP)-1 activity via induction of c-Fos, which translocates to the nucleus and combines with pre-existing Jun proteins to form AP-1 dimers that are more stable than those formed by Jun proteins alone (30) . In addition, activated ERK1/2 is able to phosphorylate numerous substrates, including various membrane proteins such as CD120a, Syk and calnexin, and cytoplasmic proteins such as MAPK-activated protein kinase and cytosolic phospholipase A2 (31) . Activation of the ERK/MAPK signaling cascades may participate in the early structural remodeling of ion channels in AF. The present study demonstrated that inhibition of ERK1/2 and/or p38MAPK was able to rescue the downregulation of α1c and Kv4.3 expression caused by fast pacing. This is necessary and sufficient to demonstrate the above hypothesis. In addition, neither single nor combined use of PD98059 and SB203580 could totally block the fast pacing-induced downregulation of α1c and Kv4.3 expression, thus suggesting the existence of other possible regulatory pathways. In addition, a previous study reported that the function of verapamil to block LTCC did not emerge if fast pacing lasted for over 2 weeks (14) ; therefore, other factors may participate, such as T-type calcium channels.
In conclusion, the present study demonstrated that the MAPK pathway had an important role in the opening of LTCCs, and interruption of MAPK molecules could affect the expression of ion channels. The reciprocal interaction of the MAPK pathway and ion channels offers therapeutic potential against AF.
